Parentage of 16 peach cultivars, including 9 cultivars bred by controlled hybridization, 2 from bud sport mutations and 5 from chance seedlings, was analyzed using 17 SSR markers. The parent-offspring relationships of 9 crossbreeding cultivars were confirmed because SSR alleles were transmitted to offspring cultivars from their parents without discrepancy at all the used loci. 'Akatsuki' and 'Gyousei' showed identical SSR genotypes, which suggested that 'Gyousei' was derived from a bud sport mutation. In contrast, another bud sport cultivar, 'Hikawa Hakuhou', showed different SSR genotypes from those of the original cultivar 'Hakuhou' at 12 SSR loci, indicating that 'Hikawa Hakuhou' was not a bud sport mutant of 'Hakuhou'. Four cultivars that presumably originated from chance seedlings, i.e., 'Abe Hakutou', 'Kawanakajima Hakutou', 'Kouyou Hakutou' and 'Shimizu Hakutou', shared one allele with their putative parent 'Hakutou' at each SSR locus. SSR analysis suggested that these 4 cultivars were not bud sport mutants, but offsprings of 'Hakutou'. It was concluded that SSR markers could be effectively utilized for parentage analysis in Japanese cultivated peaches.
Introduction
Peach (Prunus persica (L.) Batsch) is one of the most important fruit species adapted to temperate and subtropical zones in the world (Scorza and Sherman 1996) . In Japan, peaches which were introduced from their center of origin in China, have been cultivated for 1500-2000 years. The current peach cultivars in Japan were derived from some cultivars with high fruit quality and adaptability that had been introduced from China about one hundred years ago (Scorza and Okie 1990) . Although presently the main peach cultivars are obtained by crossbreeding, more than two-thirds of the Japanese cultivars were derived from chance seedlings and bud sport mutations. Their genetic origin and cultivar pedigree have not been identified yet. Furthermore, since it was observed that there were many synonymous cultivars, it remained difficult to identify their exact genetic origin and parent-offspring relationships based on morphological characteristics.
The genetic diversity of cultivated peaches is very low, as indicated by the morphological characteristics, as well as analyses by molecular markers such as random amplified polymorphic DNA (RAPD), restriction fragment length polymorphism (RFLP) and amplified fragment length polymorphism (AFLP) (Chaparro et al. 1994 , Rajapakse et al. 1995 , Shimada et al. 2000 . Therefore, it had been rather difficult to evaluate the parentage of cultivated peaches by using RAPD, RFLP and AFLP markers.
Recently, SSRs (simple sequence repeats, also designated as microsatellites) have become the markers of choice in both animal and plant species because of their abundance, high degree of polymorphism and suitability for automation (Weber and May 1989) . SSRs provide a more reliable method for parentage analysis and DNA fingerprinting because of the co-dominant inheritance and large number of alleles per locus. In peach, SSR markers have been developed (Cipriani et al. 1999 , Sosinski et al. 2000 , Testolin et al. 2000 , Yamamoto et al. 2002 and used to analyze European cultivars (Testolin et al. 2000) . However, there has been very little information on the genetic origin and cultivar pedigree of Japanese peach cultivars.
In the previous study, we developed 36 SSR markers using enriched genomic and fruit cDNA libraries derived from a peach cultivar 'Akatsuki' (Yamamoto et al. 2002) . In the present study, parentage analysis of 16 peach cultivars was conducted using 17 polymorphic SSR markers and the genetic origin of 2 bud sport mutants and 5 chance seedling cultivars was analyzed.
Hakutou', 'Kouyou Hakutou', 'Shimizu Hakutou' and 'Ookubo') were presumably derived from chance seedling and their parentage had not been identified but assumed. It had been suggested that 'Kouyou Hakutou' might be a bud sport mutant of 'Hakutou' (Yoshida 1980, Namikawa and Mizutani 1989) . However, we consider that 'Kouyou Hakutou' was a chance seedling of 'Hakutou' because several morphological characteristics of the tree and fruits were different between them (data not shown). All the varieties were obtained from the National Institute of Fruit Tree Science (Tsukuba, Japan).
Segregation analysis of SSR markers was conducted using the 126 F 2 plants obtained by selfing of a single F 1 plant from a cross between the peach cultivars 'Akame' and 'Juseitou'.
Genomic DNA was isolated from fresh young peach leaves using the modified CTAB protocol described by Yamamoto et al. (2001a Yamamoto et al. ( , 2001b .
SSR analysis
Seventeen SSR markers, i.e., M1a (DDBJ accession No. AB077106), M4c (AB077109), M6a (AB077111), M12a (AB077115), M15a (AB077117), MA006b (AB077120), MA007a (AB077121), MA013a (AB077124), MA014a (AB077125), MA015a (AB077126), MA017a (AB077128), MA023a (AB077132), MA024a (AB077133), MA027a (AB077135), MA030a (AB077136), MA031a (AB077137), MA035a (AB077139), were used for SSR-PCR amplification (Yamamoto et al. 2002) . These 17 SSRs showing polymorphisms for the tested peach cultivars were selected and used in this study. The first 5 SSRs were derived from cDNA libraries of mature or young fruits of 'Akatsuki' and the other 12 were developed from an enriched genomic library of Akatsuki (Yamamoto et al. 2002) .
PCR amplification was performed in a 20 µl solution of 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 1.5 mM MgCl 2 , 0.01 % gelatin, 0.2 mM each of dNTPs, 0.5 µM of each forward primer labelled with a fluorescent chemical (FAM or TET or HEX) and unlabelled reverse primer, 10 ng of genomic DNA, and 0.5 unit of Taq polymerase (Life Technologies, USA). Amplification of all the SSR loci except for MA015a was performed with 35 cycles at 94°C for 1 min, 55°C for 1 min and 72°C for 2 min, for denaturation, annealing, and primer extension, respectively. The MA015a locus was annealed at 52°C. The PCR products were separated and detected using a PRISM 377 DNA sequencer (PE Applied Biosystems, USA). The size of the amplified bands was determined based on an internal standard DNA (GeneScan-350TAMRA, PE Applied Biosystems) with GeneScan software (PE Applied Biosystems).
Results

SSR amplification
Seventeen SSR markers used in this study could produce 1 or 2 discretely amplified fragments for all the tested peach cultivars (Fig. 1 , Table 2 ). A total of 57 putative alleles were obtained from the 17 SSR loci. The number of alleles per locus ranged from 2 (M1a, M12a, MA024a, MA030a, MA031a, MA035a) to 6 (MA027a), with an average value of 3.4. No differences were observed in the number of alleles per SSR locus between their origin, the enriched genomic library and the cDNA libraries. Interestingly, the genotypes of all the used cultivars were heterozygous for M4c and MA027a. A large number of putative alleles at the 2 SSR loci may account for the heterozygous genotypes. SSR M6a generated heterozygous genotypes for all the cultivars except for 'Abe Hokutou'. 
SSR segregation
Segregation of the genotypes at the 17 SSR loci was evaluated in the 126 F 2 progenies from a cross between the peach cultivars 'Akame' and 'Juseitou'. Twelve SSR markers, i.e., M6a, M12a, M15a, MA006b, MA007a, MA013a, MA017a, MA023a, MA024a, MA027a, MA030a and MA031a, showed a Mendelian segregation in the F 2 individuals, which fitted to the expected ratio of 1 : 2 : 1 based on the Chi-square test (Table 3 ). Null alleles were not observed at the 12 SSR loci. These 12 SSR loci were mapped at different positions together in 6 linkage groups in our genetic linkage map of Akame x Juseitou (data not shown). Five SSR loci (M1a, M4c, MA014a, MA015a and MA035a) did not show polymorphisms between 'Akame' and 'Juseitou'. These 5 SSR markers were evaluated by using 2 to 3 sets of varieties with parent-offspring relationships, in which 1 allele was considered to be transmitted from the parents to their offspring without any discrepancy. The results strongly suggest that each set of these SSRs is controlled by a single locus. Thus, we consider that the SSR loci used in this study could be efficiently utilized for parentage analysis and determination of genetic origin.
Parentage analysis
Nine peach cultivars obtained by crossbreeding, i.e., 'Akatsuki', 'Yuuzora', 'Saotome', 'Chiyohime', 'Yoshihime', 'Masahime', 'Akizora', 'Natsuotome' and 'Hakuhou', were examined for parentage using 17 SSR markers.
Parentage analysis was conducted based on the transmission of SSR alleles from the parents to their offsprings. In the case of 'Akatsuki', 12 out of 17 SSR loci showed polymorphism between the parental cultivars 'Hakutou' and 'Hakuhou'. One allele was transmitted from each parent to 'Akatsuki' for all the loci without any discrepancy (Table 2) . For example, the 78 bp and the 94 bp alleles of 'Akatsuki' at the M4c SSR were considered to be derived from 'Hakuhou' and 'Hakutou', respectively. In the other 8 peach cultivars bred by controlled hybridization, it was considered that one SSR allele of the offspring cultivars was inherited from each parent at all the used SSR loci without discrepancy. Thus the parentage of 9 cultivars obtained by crossbreeding was confirmed by the SSR markers.
Two bud sport mutant cultivars, 'Gyousei' and 'Hikawa Hakuhou', were also analyzed with the 17 SSR markers. Completely identical genotypes were obtained between 'Gyousei' and its original cultivar 'Akatsuki' at all the SSR loci. These results suggested that 'Gyousei' originated from 'Akatsuki' by bud sport mutation. In contrast, different genotypes were obtained for 12 of the 17 SSRs between 'Hikawa Hakuhou' and its original cultivar 'Hakuhou', which indicated that 'Hikawa Hakuhou' was not a bud sport mutant of 'Hakuhou'. Although 'Hikawa Hakuhou' was registered as a bud sport of 'Hakuhou', other origins had been assumed because of the differences in several morphological characteristics of the fruits between them (data not shown). Furthermore, the SSR locus M4c generated different alleles in the 2 cultivars, namely the 80 bp and 94 bp alleles for 'Hikawa Hakuhou' and the 74 bp and 78 bp alleles for 'Hakuhou'. These findings suggested that 'Hikawa Hakuhou' might not have a parent-offspring relationship with 'Hakuhou'. Alternatively, it is possible that 'Hikawa Hakuhou' was an offspring of 'Hakuhou' and then the SSR alleles of 'Hikawa Hakuhou' underwent a size mutation after being inherited from 'Hakuhou'. It will be necessary to determine whether the alleles of 'Hikawa Hakuhou' originated from a mutation or were inherited from other cultivars than 'Hakuhou'. Five cultivars presumably derived from chance seedlings, i.e., 'Abe Hakutou', 'Kawanakajima Hakutou', 'Kouyou Hakutou', 'Shimizu Hakutou' and 'Ookubo', were analyzed with 17 SSR markers. When 'Abe Hakutou' was No. of putative alleles 1) 4 3 4 2 6 2 2 2 No. of genotypes 1) 5 4 6 2 7 2 2 3 1) A total of 57 putative alleles and 74 genotypes were obtained from 17 SSR loci compared with its putative parents 'Hakutou' and 'Ookubo', there was no discrepancy in the inheritance of the alleles at all the SSR loci. These results supported the assumption that 'Abe Hakutou' was a chance seedling, presumably from a cross between 'Hakutou' and 'Ookubo'.
Since one allele of 'Kawanakajima Hakutou', 'Kouyou Hakutou' and 'Shimizu Hakutou' was shared with their putative parent 'Hakutou' at the 17 SSR loci, a high probability of parent-offspring relationship was suggested for 3 sets of cultivars. These results supported the assumption that the 3 cultivars were derived from chance seedlings of 'Hakutou'. Although several authors had reported that 'Kouyou Hakutou' was a bud sport mutant of 'Hakutou' (Yoshida 1980 , Namikawa and Mizutani 1989 , Yoshida 1991 , their relationship has not been identified yet. In the current study, the possibility of bud sport origin was ruled out based on the SSR analyses.
When the SSR alleles of 'Ookubo' were compared with those of a putative parent 'Hakutou', there was a discrepancy at the MA023a SSR locus. The 216 bp allele of 'Ookubo' was unique among the cultivars used in this study. Furthermore, this allele was not detected in more than 16 peach varieties including native varieties in Japan, germplasm from China, Thailand, Taiwan and European countries (data not shown). We therefore concluded that the 216 bp allele of 'Ookubo' might have been derived from mutation during long-time cultivation.
Discussion
The narrow genetic base in cultivated peaches could be ascribed to the fact that only a limited number of cultivars had been introduced from the center of origin in China into Japan as well as Europe for use as parents in breeding programs (Scorza and Okie 1990) . Therefore, it was rather difficult to determine the parentage of cultivated peaches using RAPD, RFLP and AFLP markers. Cipriani et al. (1999) reported that SSR markers developed from 'Redhaven' showed a relatively high polymorphism for true-to-type peaches, nectarines and canning peaches in Europe. It was also noted that the heterozygosity obtained from peach SSRs was significantly higher than that from other molecular markers, isozymes, RAPDs and RFLPs (Cipriani et al. 1999) . The 17 SSR markers derived from the genomic and cDNA libraries of 'Akatsuki' were polymorphic in Japanese cultivated peaches and could be effectively utilized to analyze their parentage in this study.
The genetic diversity of European peaches and the pedigree of European cultivars were analyzed by using SSR markers (Testolin et al. 2000) . Discrepancy in the parentage of some of the cultivars was found based on the inheritance of SSR alleles. Two sets of sport mutations, 'Compact Redhaven' vs. 'Redhaven' and 'Dixitime' vs. 'Maycrest', could not be discriminated from each other. In 2 other sets of sport mutant cultivars, mutations were found at one SSR locus, which was different between the 2 sets. In this study, we examined the genetic origin of several Japanese cultivars derived from chance seedlings or open pollination, and found a discrepancy in the genetic origin of a mutant cultivar, 'Hikawa Hakuhou'. This information should be very important for breeding programs of cultivated peaches. 
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